A B S T R A C T When work load on the respiratory system is increased the relative increase in blood flow to each of the muscles of breathing provides an index of how the augmented effort of breathing is partitioned among the different muscles. We have used a radioactive microsphere technique to measure blood flow to each ofthe muscles ofrespiration in supine dogs during unobstructed respiration and breathing against graded expiratory threshold loads. 79% of the augmented flow went to expiratory muscles; of this increased flow to expiratory muscles 74% went to abdominal wall muscles and 26% to internal intercostals. In our earlier studies of hyperventilation induced by CO2 rebreathing where expiratory work loads were low, 44% of the increase in flow went to expiratory muscles; of this, only 39% went to abdominal wall muscles and 61% to intemal intercostals. During inspiratory resistance which produced small increases in expiratory work, 27% of the increase in blood flow went to expiratory muscles; of this, only 37% went to abdominal wall muscles and 63% to intemal intercostals. These results suggest that the internal intercostals are predominantly used for expiration when expiratory work loads are low, whereas the abdominal wall muscles are predominantly used when loads are high.
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For similar rates of pressure-volume work done on the lung, the total respiratory muscle blood flow is significantly greater during expiratory loads than during unobstructed hyperventilation or inspiratory loads. Thus, the abdominal wall muscles that are utilized for overcoming high pressure expiratory loads are relatively inefficient in converting metabolic energy into pressure-volume work.
INTRODUCTION
Previous attempts to define the muscles of respiration have utilized either anatomic inference or electromyography, both of which are subject to error and misinterpretation. The distribution of augmented blood flow among respiratory muscles as the work of breathing is increased should provide an accurate quantitative index of the distribution of muscular effort, since blood flow to skeletal muscle is proportional to effort expended by the muscle (1) (2) (3) . In previous studies we have described the increases in blood flow observed in each muscle of respiration during mechanical ventilation and during quiet spontaneous breathing (4), during,breathing against graded inspiratory resistances (5) , and during unobstructed hyperventilation induced by the CO2 retention during rebreathing (4) .
The present investigation was designed to compare the distribution of blood flow among the respiratory muscles during unobstructed breathing with that during graded expiratory threshold loads. The combined results of this study and the earlier ones represent a spectrum of inspiratory, expiratory, and combined loads imposed on the chest bellows. for both inspiration and expiration as shown in Fig. 2 . This area has the dimensions ofwork and corresponds reasonably well to the work done on the lung by the chest wall, diaphragm, and abdominal muscles (6) (7) (8) . The computer calculated work for each breath over a 5-min period at each level of expiratory resistance. These data were averaged and expressed as work per minute. Bloodflow to respiratory muscles. Blood flow per gram to each of the various respiratory muscles was measured by a radioactive microsphere technique described in detail previously (9) (10) (11) (12) . The modifications, validity, and reproducibility of this technique for measuring respiratory muscle blood flows were described in a previous communication (5) . Absolute flow to a muscle was obtained as the product of flow per gram and average weight of the muscle determined in previous experiments (5) . Total respiratory muscle blood flow was calculated by summing the totals of these muscles whose blood flow increased under the conditions of these experiments. The relative contributions of each muscle were estimated from the ratio of its flow to total respiratory muscle flow.
Cardiac output-blood gases. To assess the contribution of changes in cardiac output to the changes in flows seen in the respiratory and control muscles during expiratory resistance, cardiac output was measured by the indocyaninegreen dye dilution method employing a Lyons model DCCO-04 computer (Physio-Tronics, Inc., Burbank, Calif.) Measurements were performed in triplicate and averaged. At each work level heparinized samples were withdrawn anaerobically from femoral artery. These were analyzed immediately for Po2 (313 Blood Gas Analyzer, Instrumentation Laboratory, Lexington, Mass.), 02 saturation (Instrumentation Laboratory Co-oximeter), and hemoglobin (Beckman DB Spectrophotometer, Beckman Instruments, Inc., Fullerton, Calif.).
Statistics. Statistical analysis was performed with the Student's t test for paired data in all cases except where linear regressions are specified. Table I lists the changes in ventilation, blood gases and work of breathing observed during resting ventilation and while breathing against expiratory threshold loads of 10 and 20 cm H20. Respiratory rate and minute volume decreased in the transition from resting ventilation to 10 cm H20 expiratory load (P < 0.005 and P < 0.003, respectively) but did not change further as load increased to 20 cm H20. Pao2 and pH decreased progressively (P < 0.03); Paco2 increased progressively (P < 0.03). Most of the decrease in arterial oxygen tension is explained by hypoventilation as the alveolar-arterial oxygen tension difference (A-a A Po2)1 did not change significantly (P = 0.32) and the small mean change was much less than the Pao2 decrement. The total work of breathing per minute increased almost fourfold (P < 0.01), almost all of which was due to expiratory work which increased from an immeasurable level to 1.68 Cal/min (P < 0.005). Inspiratory work rate increased slightly on the highest load (P <0.01).
The blood flows per gram to each of the muscles regarded as muscles of respiration by Miller et al. (13) are indicated in Table II . Those muscles to which flow increased significantly are graphed in Fig. 3 oblique also had progressive increases as the rate of expiratory work increased. The rectus abdominis and ileocostalis, listed as muscles of expiration by Miller et al. (13), did not exhibit augmented flows. Among inspiratory muscles there were modest increases in blood flow to the diaphragm at each work load (P < 0.05) and to the external intercostals at the high load only (P < 0.05). The scalenes, serratus doralis, and serratus ventralis, other inspiratory muscles by anatomic position (13), did not show increased flows.
The triceps brachii and pectoralis muscles were included as control skeletal muscles to be sure that the changes in muscle flows observed were not a nonspecific response to hypercarbia or changed cardiac output. There was no significant change in blood flow to either muscle (Table II) , so they were grouped as controls for Fig. 3 . Table III shows the total blood flow to those muscles whose flow increased during expiratory loading. Assuming that blood flow to a skeletal muscle is proportional to effort expended by that muscle (1-3) change in blood flow (AQx/AQrs) should be proportional to the fraction of the increased muscular effort of breathing accomplished by that muscle. The transverse abdominal muscle received 36 and 29% of the increased flow on 10 and 20 cm H20 expiratory threshold loads, respectively. Thus, it apparently accomplishes more of the muscular effort of breathing during expiratory resistance than its weight fraction (13%) and more than any other muscle of respiration despite its relatively small size. The internal oblique also received a larger percentage ofthe increased blood flow than its weight fraction, but the internal intercostal and external oblique muscles received less than their weight fractions. The diaphragm, an inspiratory muscle, augmented its flow approximately in proportion to its weight fraction, but the external intercostal, the only other inspiratory muscle whose flow increased, made a minimal contribution to the overall increase in blood flow. Apparently, the diaphragm accomplishes the majority of the increased inspiratory effort under the condition of expiratory loading.
Cardiac output and blood pressure are plotted against the work ofbreathing in Fig. 4 . The cardiac output decreased progressively on expiratory resistance, and blood pressure fell to a lesser extent; but neither reached statistical significance (P = 0.10 and 0.15, respectively). Thus, the increases in blood flow to the respiratory muscles were produced by major decreases in resistance in their individual vascular beds at a time when total peripheral resistance was increasing. DISCUSSION Assuming blood flow to skeletal muscle is proportional to muscular effort expended (1-3) , an examination of the distribution ofblood flow to each respiratory muscle should be an accurate way of determining the partition of effort among the muscles of breathing. The radioactive microsphere method used in this study has the advantage that each individual muscle's flow can be determined independent of adjacent muscles whose flow might also be changing, since at the completion of the study each individual muscle can be excised and counted separately. Previous attempts to examine the activity of respiratory muscles under various load conditions have either used pressurevolume changes or electromyograms (EMGs). The former method obviously can only look at whole muscle groups and cannot separate contributions by the various muscles. The latter is more specific but still suffers from the problems of transmission of EMG discharges from adjacent muscles and (or) the necessary intervention of placing electrodes in the muscle group which might locally affect its response pattern. These previous methods do have the advantage of being usable in human subjects. There were two changes occurring in our animals which might have affected blood flow to the respiratory muscles independent of effort. The cardiac output and blood pressure tended to fall during expiration against a threshold load as might be expected from the rise in mean intrathoracic pressure (14, 15) . The fall in perfusion pressure would tend to decrease flow to muscle. At the same time hypercarbia was induced by expiratory loads and the consequent respiratory acidosis may cause muscular vasodilation (16) . Nevertheless, the blood flow to nonrespiratory control muscles, i.e., to the triceps brachii and pectoralis, did not change, suggesting that these opposing influences were cancelling each other or that autoregulation was overriding. Thus, it is unlikely that hypercarbia or the falling blood pressure affected our results significantly.
During expiratory resistance there was a modest increase in inspiratory work, and blood flow to two inspiratory muscles (diaphragm and external intercostals) increased during breathing against expiratory threshold loads. Possible reasons for this were: (a) a shift to higher lung volumes so that expiration was assisted by increased elastic recoil but increased inspiratory work was required to expand the lungs, chest, and abdomen during inspiration. Although lung volumes were not measured a higher functional residual capacity was suspected during expiratory loading because of the increased mean negative pressure during inspiration (Table I) . Campbell et al. have previously demonstrated an increased functional residual capacity with similar threshold loads to expiration (17) . (b) A change in the pattern of breathing to a more rapid inspiration and a slow expiration, requiring increased effort by inspiratory muscles. This was confirmed by measuring the time spent in active inspiration in these animals (see Table I ).
However, the increase in diaphragmatic blood flow is more than expected for the modest increase in pressure-volume work rate observed. Agostoni and Rahn have demonstrated that the diaphragm actively contracts during maximal expiratory efforts (18) . This diaphragmatic contraction occurs at any lung volume whenever the abdominal muscles exert a maximal expiratory effort, although it is greatest at low lung volumes and end-expiration (19) . Although expiratory contraction of the diaphragm would not be registered as inspiratory work, metabolic energy requirements of the diaphragm would increase, requiring an increase in blood flow and oxygen delivery. Thus, expiratory contraction of the diaphragm may explain the apparent dissociation between inspiratory pressure volume work and inspiratory muscle blood flow in our animals.
On the basis of anatomic position all of the muscles listed as muscles of expiration in dogs in Table : II might be expected to participate in overcoming an expiratory load (13) . However, our results suggest that the rectus abdominis and ileocostalis muscles were not utilized during expiratory loading, as blood flow to these muscles did not increase even though expiratory work rate increased from 0 to 1.68 5SalImin. It is conceivable nevertheless that these muscles might have been utilized for a different type of expiratory load or a greater increase in expiratory work than could be induced in these anesthetized animals. The transverse abdominal muscle appears to be the major muscle of expiration in the abdominal wall, as it receives about one-third of the total increased flow to respiratory muscles (AQx/IArs) during expiratory loading (Table III) . Collectively, the abdominal muscles received 74% of the blood flow increment to active expiratory muscles at the highest load; internal intercostals received only 26% of the total. So during large expiratory work loads the abdominal muscles presumably are consuming most of the energy requirements. However, during lower loads to expiration this was not the case. During inspiratory resistance where expiratory work did not increase to more than 0.5 Cal/min, 63% of the increased flow to expiratory muscles went to the internal intercostals and only 37% to the abdominal wall muscles (5) . Also, during unobstructed hyperventilation when expiratory work did not exceed 0.3 Cal/min despite a fivefold increment in ventilation, 61% of the increased blood flow to expiratory muscles went to the internal intercostals and only 39% to the abdominal muscles (4).
Thus, the active expiratory muscles in the order of their recruitment over a wide range of loads to expiration appear to be: (a) the internal intercostals which are recruited first and accomplish the majority of the energy consumption of expiratory muscles when expiratory work is low (i.e., during normal, unobstructed hyperventilation or inspiratory resistance), (b) Respiratory Muscle Blood Flowthe transversus abdominis, (c) internal obliques, and (d) external obliques. The last three are abdominal muscles and become increasingly important when high expiratory work loads are imposed. During previous studies employing inspiratory resistance loads, blood flow to the internal intercostals reached 75 ml/min although the work of expiration reached an average of only 0.33 Cal/min (4). This is a much higher blood flow to the internal intercostals than that reached during expiratory resistance (46 ml/min) where expiratory work was 1.68 Cal/min (Fig.  5) . However, it was noted during the highest inspiratory resistance load that the dogs' upper chest wall tended to cave in during inspiration while the abdomen and lower rib cage were expanded by vigorous, diaphragmatic contractions. Perhaps, as has been suggested by Jones et al. (20) , the internal intercostals are used during heavy inspiratory load conditions to stabilize the rib spaces and minimize inspiratory collapse ofthe rib cage by contracting with the external (21) . Similarly in our animals no work was being expended on expiration during quiet breathing and there was no augmentation in blood flow to expiratory muscles in the transition from mechanical ventilation to quiet spontaneous respiration (4). Campbell found little use of abdominal external oblique muscles with either hyperventilation or low levels of expiratory resistance (22) . This is similar to our finding that the external oblique receives a much smaller increase in blood flow per gram than any other expiratory muscle that is recruited during expiratory resistance, inspiratory resistance, or unobstructed hyperventilation. It would appear that this muscle is primarily used for posture maintenance rather than respiration, as previously concluded by Campbell (22) . Our results corroborate the EMG findings of Agostoni et al. (23), Campbell et al. (17) , and Bishop and Bachofen (24, 25) that expiratory loading by itself augments diaphragmatic contractions. We were unable to confirm Campbell and Green's finding that the rectus abdominis is used during expiratory resistance (26) . However, Campbell and Green used skin surface EMG electrodes and they may have picked up signals from the transverse abdominis or abdominal obliques during vigorous contractions, since increased rectus abdominis EMGs occurred only with very vigorous contractions and the signal was always less than that registered over the lateral abdominal wall muscles. Finally, we did not confirm over our relatively wide range of ventilatory stresses the use of the vast number of accessory muscles of inspiration and expiration described by EMG in man by Tokizane et al. (27) . Those studies however involved multiple positions in which these muscles may have had roles in posture maintenance during vigorous breathing efforts and thus are difficult to interpret.
Since the blood flow to a muscle bears a direct relationship to oxygen consumption (1-3), the absolute blood flow to a muscle should vary directly with the metabolic energy expended by that muscle. The external mechanical work produced by that energy will depend on the mechanical efficiency of that muscle for the work being performed, the efficiency being a complex effect of the fiber arrangement within the muscle, the mechanical advantage of the muscle insertions, fiber type, opposing or augmenting contractions of other muscles, etc. Thus, the relative efficiency of the respiratory muscles in producing external mechanical work on the lungs should be inversely re-lated to the total blood flow to the respiratory muscles. This inverse relationship allows a comparison of the efficiency under the various conditions of expiratory threshold loads produced in this study vs. inspiratory resistive loads (5) and unobstructed hyperventilation produced by CO2 rebreathing in our earlier studies (4) . Because of the complex mechanics of the combined thorax and abdomen, it would not be surprising if the relative efficiency of muscular contraction was different under these different load conditions. Fig. 6 shows the total blood flow to the muscles of breathing in these three studies plotted as a function of the rate of work of breathing. For any given rate of work, expiratory loads resulted in a much higher total blood flow to respiratory muscles than did either inspiratory loads or hyperventilation. Such data suggest that expiratory muscles are relatively inefficient in performing pressure-volume work on the lungs during threshold expiratory loads.
A majority of the increased blood flow to respiratory muscles during expiratory loading went to abdominal muscles (72% on 10 cm H20 and 59% on 20 cm H20 load, Table III ), whereas only a minor percentage went to these muscles under the other two conditions. This difference suggests that the abdominal muscles may be required to generate high expiratory pressures but are at a mechanical disadvantage for generating efficient work on the lungs. For one thing they may be working against a diaphragm which contracts during forced expiration (18) as discussed earlier. Also, the positive intraabdominal pressure will tend to increase the rib cage diameter by tending to move the rib cage along its relaxation characteristic to higher volumes as described by Goldman and Mead (28) . This will further deter the generation of a positive intrathoracic pressure and thus effective work done on the lung. Work Performed on the Lung (Cal/min) FIGURE 6 For similar rates of work performed on the lung (Cal/min) expiratory load (0) required a significantly greater total blood flow to respiratory muscles (* = P < 0.05) than did either inspiratory loading (-) or hyperventilation induced by CO2 rebreathing (A).
will tend to increase rib cage volume by increasing intraabdominal pressure, contraction of the internal oblique and to a lesser extent the external obliques will exert a downward force on the costal margin, tending to decrease rib cage volume. In short, during expiratory loading the respiratory muscles apparently work against each other in a counterproductive way such that the overall efficiency falls.
Because of their inefficiency during expiratory obstruction, the respiratory muscles required large blood flows (227 ml/min) to deliver the oxygen necessary for relatively moderate work rates (2.5 Cal/min on the highest load). At the same time cardiac output was 1.79 liters/min. Thus, at the highest load the respiratory muscles received 12.7% of the cardiac output. In patients with respiratory failure due to chronic obstructive lung disease a similar situation may exist. In such patients the combination ofa limited cardiac output and significant hypoxemia often makes oxygen delivery marginal; hence, the inordinately large blood flow requirements of respiratory muscles working against an expiratory obstruction may be a critical factor in further limiting oxygen delivery to the vital organs.
